The influence of HLB (hydrophilic-lipophilic balance) and surfactant blend concentration (SBC) on flocculating performance of latex particles of acrylamide and [2-(acryloyloxy)ethyl]trimethylammonium chloride copolymers with a cationic charge density of 40%, obtained by inverse microemulsion copolymerization by using a surfactant blend of Arlacel 83 and Softanol 90 as emulsifier and Rolling M-245, a mixture of n-decane and n-tetradecane in about 40/60 weight ratio, as oil phase, has been studied for a total comonomer concentration of 32.5% (w/w). Comonomer inverse microemulsion copolymerizations were carried out in the semicontinuous mode by adding continuously an aqueous solution of sodium metabisulfite (SMB) as initiator into stirred inverse comonomer microemulsions. From 7.75 to 8.26, HLB has a strong influence on average molar mass (M w ) and flocculating performance (FP), the higher the HLB the higher the FP. A small decrease in SBC causes a dramatic increase in M w and a decrease in FP although the influence on copolymer viscosity is small. Results are explained in terms of copolymer structuring degree and collapsed state of copolymer chains inside latex particles as well as in terms of the observed composition drift with conversion.
Introduction
Polyacrylamide and its copolymers with anionic and quaternary ammonium monomers are worldwide used in applications such as paper making (fines retention), flocculation of municipal and industrial waste water, and enhanced oil recovery [1] [2] [3] . Most common marketed acrylamide-based flocculants are anionic and cationic copolymers, the last being the most interesting from the commercial point of view due to their higher added value. Nonionic polymers have little application in water treatment processes. Anionic flocculants are mainly used for potable water production or for flocculation of inorganic dispersions while cationic flocculants are used for sludge flocculation and dewatering in wastewater treatment.
They are mainly supplied either in a solid state or as an inverse emulsion [4] . In the first case, the main problem is the time wasted to prepare the flocculant solution just prior to application because such solution must be daily prepared to avoid copolymer degradation. In the second one, in spite of inverse emulsion latex particles being easy to handle and could be obtained with polymer concentrations above 30% (w/w) with emulsifier concentrations below 4% (w/w) (based on total weight of the emulsion), they lack of thermodynamic stability resulting in phase separation.
To overcome this problem, during the 1980s a new polymerization method was developed: inverse microemulsion polymerization [5] . Microemulsions are transparent, homogeneous mixtures of water, or an aqueous solution of chemicals, and oil stabilized by a fairly large amount of surfactant or, in most cases, surfactant mixture. Inverse microemulsions can adopt a large variety of structural organizations, ranging from small globules of uniform size (~10 -2 μm), in the oil-rich region, to bicontinuous structures with randomly connected oil and water domains in the phase inversion region. The inverse microemulsion copolymerization of acrylamide (AM) and ionic monomers allows the preparation of stable, clear or milky, low viscosity microlatex particles of a high molar mass (~10 7 g/mol) useful as flocculants. However, to achieve this goal a higher concentration of surfactant mixture must be used in comparison with inverse emulsions in order to stabilize the system. The surfactant concentration in an inverse emulsion ranges between 2 and 4% (w/w), much lower than the one in an inverse microemulsion, generally > 10% (w/w) although lower concentrations are needed if a heterophase water-in-oil polymerization process is used [6] , by means of which starting from an inverse emulsion of monomers an inverse microemulsion is obtained after polymerization.
Up to now, most inverse microemulsion polymerization work related to products useful as flocculants has been devoted to both acrylamide (AM) homopolymerization [6, [7] [8] [9] [10] [11] and acrylamide copolymerization with alkaline metal acrylates and methacrylates, such as sodium acrylate [12] and 2-(acrylamido)-2-methylpropane sulfonate (NaAMPS) [13] , or cationic monomers, basically quaternary ammonium acrylates and methacrylates, meanly (2-(methacryloyloxy)ethyl) trimethylammonium chloride (MADQUAT) [14] [15] [16] . Also, ampholytic terpolymers based on acrylamide, MADQUAT and NaAMPS have been obtained by inverse microemulsion polymerization [17, 18] .
Due to its relative reactivity being similar to AM [19, 20] , [2-(acryloyloxy) ethyl] trimethylammonium chloride (Q9) is one of the cationic monomer used to be copolymerized with AM for manufacturing commercial cationic flocculants. In spite of this, as far as we know there is no systematic study neither about copolymerization of both monomers in inverse microemulsion nor about flocculating properties of copolymers thus obtained. Criteria for selecting a comonomer inverse microemulsion formulation of AM and Q9 were discussed in an earlier paper [21] and a specific comonomer formulation with a cationic charge density (Q9 concentration by weight based on total amount of comonomers) of 40% (w/w) was chosen for semicontinuous copolymerization studies (see experimental part) using sodium metabisulfite (SMB) as initiator. The influence of initiator concentration, specific flow rate of initiator addition, initial temperature, aqueous phase pH and total comonomer concentration on flocculating performance (FP) of copolymers obtained is studied in a subsequent paper [22] . In this paper, influence of both HLB and surfactant blend concentration (SBC) are reported. Products are under patent [23] .
Results and discussion

System evolution during copolymerization
Before copolymerization except system for run 19, all systems were clear dispersions as well as stable ones because no phase separation was observed after centrifuging at 5,000 rpm for 30 min. Even, system 19 was stable after centrifuging which indicates that turbidity was not due to phase separation but rather to the salting out effect, or polyoxyethylated surfactant cloud point lowering by dehydration of the polyoxyethylated surfactant (Softanol 90 in our case), caused by most electrolytes [24, 25] including cationic monomers similar to Q9 such as MADQUAT [14] .
Just after beginning the copolymerization, the evolution is similar to other acrylamide inverse microemulsion copolymerizations reported in the literature: at the early stages of copolymerization, the transparent or translucent water like viscosity microemulsion turns into a viscous and turbid macroemulsion. Later it goes back to transparent and low viscosity latex with inverse microemulsion structure. Explanations for these changes were discussed in an earlier paper [22] . The only exception was run R17 in which phase separation occurs at the beginning of copolymerization.
Influence of HLB
HLB influence from 7.75 to 8.5 on viscosity properties and M w for 32.2% (w/w) copolymer concentration and for 11% (w/w) SBC is given in Tab. 1. With the only exception of run 17 in which phase separation occurs just at the beginning of copolymerization, in all cases conversion was higher than 99.5%. ). Before copolymerization, at HLB 7.75, the microemulsion is turbid which, as it has been mentioned above, is due to the cationic monomer producing a salting out of polyoxyethylated surfactant (Softanol 90). As a consequence, the water solubility of Softanol 90 decreases and the system becomes turbid at the SBC used. A higher SBC would be necessary to turn clear the comonomer microemulsion. As copolymerization proceeds, comonomers are consumed and substituted by cationic copolymer, which, due to its higher cosurfactant power, shifts the real HLB to higher values at which the SBC used is enough to obtain clear latex above a threshold conversion. As HLB increases up to 8.26, SBC used is enough to obtain clear and stable comonomer microemulsion and, since copolymer cosurfactant power is higher than one of comonomers, the obtained lattices are also clear and stable. However, above 8.26, at HLB 8.5, in spite of starting from a clear and stable comonomer microemulsion phase separation occurs during copolymerization. The higher cosurfactant power of cationic copolymer shifts the real HLB above 8.5, out of the stability domain for this system at the SBC used. A higher SBC is necessary for stabilizing the latex.
Tab
Latex viscosities decrease with HLB, which can be explained by modifications of latex composition surfaces due to increasing polyoxyethylated surfactant (Softanol 90) concentration as HLB increases. At lower HLB, the concentration ratio between Arlacel 83 (the oil soluble surfactant) and Softanol 90 (the water soluble surfactant) in the surfactant blend is higher than at higher HLB. Due to the solubility of Arlacel 83 in the continuous oil phase, particle surfaces enriched in this surfactant allow latex particles to come in close vicinity of each other and, then, they can interact by hydrogen bonding between the OH groups of the Arlacel 83 sorbitan moieties which results in an increase of latex viscosity. As HLB increases Arlacel 83 is increasingly substituted by Softanol 90 and then particle surfaces are enriched in the polar surfactant, insoluble in the oil phase, which prevents particles bring close each other thereby decreasing the number of hydrogen bonding interactions which give rise to a decrease of latex viscosity.
Both bulk viscosities (BV) and M w variations with HLB ( Fig. 1) show that the higher the HLB the lower the M w and the higher the BV of copolymer chains. At first, this result is anomalous because BV varies with M w in a contrary sense to the expected one: BV decreases with M w . Results may be explained from different perspectives. On one hand, one of the components of the surfactant blend, Arlacel 83 (sorbitan sesquioleate), is an interfacially radically active emulsifier. It has several labile (extractable hydrogens) hydroxy functionalities on the hydrophilic head and a double bond on the hydrophobic moiety. Consequently, Arlacel 83 can act as a unimolecular terminating agent for growing macromolecules [26] through the extractable hydrogens on the hydrophilic head. The macroradicals thus obtained will continue to undergo free-radical copolymerizations and eventually terminate. This transfer to surfactant reaction lowers M w . However, the dead chains contain terminal emulsifier groups with multiple reactive functional groups (extractable hydrogens of the hydroxyl groups and a double bond on the hydrophobic moiety), so that they can participate in long branching reactions, which lead to high molar mass macromolecules. This fact could explain the dramatic increase in M w as HLB decreases because the lower the HLB the higher the concentration of Arlacel 83 in the surfactant blend. According to the above explanation, the anomalous relationship between BV and M w could be partially due to the increasingly level of branching for copolymers as HLB decreases. However, this should be reflected in VSI which do not takes place (see Tab. 1). VSI is almost independent of HLB. Then, a more plausible explanation must be related to differences in composition polydispersity between copolymers of different runs as a consequence of a composition drift during copolymerization due to differences in comonomer reactivities which, in turn, are a function of several reaction variables such as pH, ionic strength and monomer concentration [27] . In an earlier paper [22] we reported a severe copolymer composition drift from about 60% (w/w) of Q9 at the beginning of copolymerization to 40% at the end for run 4. Since conversion is very close to 100%, average compositions for all copolymers listed in Tab. 1 are the same (Q9:AM 40:60 (w/w)), but, however, differences in composition, polydispersities between copolymers of the same average composition would involve the coexistence of polyelectrolytes of different cationic charge densities with uncharged acrylamide homopolymers and, therefore, with different viscometric behaviour, inside the same microlatex.
Consequently, BV will not only be affected by M w but also by composition polydispersity. Lacík et al. [28] demonstrated the strong influence of compositional heterogeneity due to the composition drift during polymerization on rheological properties of water-soluble polymers. Likewise, Ma and Zhu [29] reported that viscosities of copolymers of DADMAC (diallyldimethylammonium chloride) and acrylamide, obtained by grafting low molar mass polyDADMAC onto high molar mass polyacrylamide via a free radical mechanism using a gamma irradiation technique, show a strong variation with polyDADMAC percentage between 10 and 40% (w/w) of polyDADMAC.
It is well known that due to their cosurfactant nature comonomers are partially located at the interface. For instance, in paraffinic media, as in our case, it has been reported that acrylamide occupies about 30% of the interface [30, 7] . For the system studied here, interface composition varies with HLB being enriched in the oil soluble surfactant (Arlacel 83) as HLB decreases. This interface modification could have a dramatic influence on interfacial relative distribution of both comonomers. In fact, in acrylamide microemulsions stabilized by Arlacel 83 and Atlas G1086 (polyoxyethylene sorbitol monooleate with 40 ethylene oxide residues, HLB 10.2) it has been reported [31] that acrylamide concentration at the interface varies from 11.3 at HLB 9.3 to 28.1% (w/w) at HLB 8.65. Consequently, as HLB changes comonomer reactivities may be severely modified, and, therefore, copolymerization kinetics too, which also can contribute to explain the "anomalous" relationship between M w and BV. That is to say, M w and BV of copolymers obtained at different HLBs are not comparable because they correspond to different copolymers, copolymers with great differences in composition polydispersity and, hence, with different BV & M w relationships. From the above discussion it follows that copolymer FP must be strongly dependent on HLB. Results given in Fig. 2 confirm this assumption. FP increases with HLB. It is well known that FP increases with molar mass [4, 32] and uniform composition of copolymer backbone [4, 33] . Consequently, although there is no experimental evidence, as M w obtained at lower HLB is much higher than the one obtained at higher HLB, it could be presumed that, in the HLB range studied, copolymers obtained at high HLB have a more uniform composition distribution and that this variable has a more strong influence on FP than M w for the sludge herein tested. On the other hand, the fact that BV increases with HLB indicates that macromolecular chains of copolymers obtained at high HLB are in a more expanded state in aqueous solution. This contributes to improve FP due to the higher available surface of macromolecular chains for adsorption of suspended particles, which favors flocculation by chain bridging, and also because a larger portion of cationic charges are available for flocculation by charge neutralization mechanism.
Finally, another factor must be considered. As it can be seen in Tab. 2, microlatex particle sizes as measured by transmission electronic microscopy (TEM, images given in Fig. 3 
Influence of surfactant blend concentration (SBC)
SBC influence from 9 to 10% (w/w) on viscosity properties and M w for 32.2% (w/w) copolymer concentration and for HLB 8.26 is given in Tab. 3. In all cases, conversion was higher than 99.5%. Likewise, thermal jumps (ΔT; difference between copolymerization peak temperature and initial one) were 61.8 ± 0.5 ºC and reaction times to reach the copolymerization peak temperature (t Tpeak ) were 50 s for all reactions.
At 9% (w/w) SBC comonomer inverse microemulsion is stable but SBC is not high enough to stabilize the system during copolymerization and phase separation occurs. Above 10% copolymer inverse microemulsions are stable. M w increases dramatically as SBC decreases (as comonomer/surfactant blend weight ratio increases). The same behaviour was found by Candau and Buchert [14] for the polymerization of MADQUAT in inverse microemulsion stabilized by Arlacel 83 and Tween 80 (a sorbitan monooleate with 20 ethylene oxide residues, HLB 15) and by Vašková et al. [34] for the homopolymerization of acrylamide in inverse microemulsion stabilized by bis(2-ethylhexyl)sulfosuccinate (AOT) for both water-and oil-soluble initiators. An explanation for this behaviour can be easily deduced if we take into account that the hydrodynamic radius of the latex particles decreases with increasing emulsifier concentration [8, 9, 14] . Consequently, the higher the SBC the higher the surface area (area/volume ratio) of micelles and, therefore, there is a larger area available for initiator diffusion from the oil phase to water pools inside micelles which, in turn, results in a larger number of effective radicals generated leading to lower M w compared to the ones obtained at lower SBC. From Tab. 3 it is apparent that SBC has a strong influence on M w but a slight one on BV. In this case, unlike for HLB influence, BV follows the classical variation pattern with M w . it increases with M w , but only very slightly taking into account the strong increase in M w from 11 to 10% (w/w) SBC. M w increases by 69.3% while BV only increases by 7%. Based on M w differences, copolymer from run 20 should have a better FP but this is not the case. FP is better for copolymer of lower M w as it can be seen in Fig. 4 . FP improves as SBC increases. In this case, results cannot be dependent on composition drift during copolymerization because HLB is constant and, consequently, the same composition drift is expected for both runs. Explanation for M w and BV relationship and for FP results must be related, as it was for the HLB study, with the fact that macromolecules synthesized at 10% (w/w) SBC are in a much higher collapsed state than the ones obtained at 11% (w/w) SBC as it can be deduced from differences in Rg. Therefore, macromolecular chains growing at lower SBC can establish easily a larger number of intramolecular interactions, such as hydrogen bonds, than ones growing at higher SBC resulting in copolymers with greater hindered swollen capacity in aqueous solution which explains both why BV increases very slightly with M w and why FP decreases as SBC decreases; copolymers with higher intramolecular interactions are more structured as shown by VSI which is 10.6% higher at 10 than at 11% (w/w) SBC.
Several authors have demonstrated [32, [35] [36] [37] [38] [39] ] that a certain structuring degree (branching and/or crosslinking) increases FP mainly for dewatering sludges via centrifugation. However, Chen and Farinato [39] demonstrated that there is an optimum structuring degree range as measured by the BV/SV ratio (VSI). Out of the optimum VSI range FP decreases. For our system, the structuring degree for copolymer of run 20 may be above the optimum one in such a way that its FP is lower than for copolymer for run 4. The last has much less M w but also is less structured. On one hand, an excessive structuring degree will prevent the expansion of the copolymer in solution which will decrease the available surface for adsorption of suspended particles and, therefore, will difficult flocculation by chain bridging, and, on the other hand, will shield a portion of cationic charges decreasing the effective charge density which likewise will make flocculation difficult by charge neutralization mechanism.
Conclusions
The results herein reported for copolymers useful as flocculants obtained by semicontinuous inverse microemulsion copolymerization of Q9 and AM at 40:60 Q9:AM feed ratio by using a surfactant blend of Arlacel 83 and Softanol 90 as emulsifier and Rolling M-245 as oil phase, can be summarized by means of the following conclusions:
HLB has a strong influence on both M w and BV. The higher the HLB is the lower M w and higher the BV. BV decreases with M w . The dramatic increase in M w as HLB decreases can be explained by the concentration increase of interfacialy radical active emulsifier Arlacel 83 in SB as HLB decreases resulting in an increase of the long branching reaction cascade which leads to high molar mass macromolecules. The anomalous relationship between BV and M w could be related to differences in composition polydispersity between copolymers obtained at different HLB as a consequence of a composition drift during copolymerization due to differences in relative comonomer reactivities, which are postulated to be dependent on HLB.
SBC has also a strong influence on M w but a slight one on BV. M w decreases dramatically as SBC increases which may be explained by the higher surface area of micelles available for initiator diffusion from the oil phase to water pools inside micelles as SBC increases, giving rise to a larger number of effective radicals generated leading to lower M w compared to the ones obtained at lower SBC.
FP increases with HLB and with SBC. It is postulated that this is due to the less collapsed state in which the macromolecule grows at high HLB and SBC. As a result, the macromolecule has a M W high enough and a structuring degree not so high for favouring flocculation by both chain bridging and charge neutralization.
Experimental part
Materials 50% (w/w) Acrylamide aqueous solution (from SNF S.A., France), and [2-(acryloyloxy)ethyl]trimethylammonium chloride (Q9; 80% (w/w) aqueous solution from Atochem, France) were used as received. To obtain the aqueous phase of desired concentration the above solutions were diluted in demineralized water (conductivity lower than 10 μS/cm). Organic solvent for oil phase was Rolling M-245, a mixture of n-decane and n-tetradecane in a weight ratio of about 40/60, supplied by Shell Co.
Emulsifier was a blend of two nonionic surfactants: Arlacel 83, a sorbitan sesquioleate, HLB 3.7, supplied by ICI; and Softanol 90, a C11-C13 secondary ethoxylated fatty alcohol, HLB 13.3, supplied by INEOS Oxide. Nitrogen (technical grade B-50) was supplied by Air Liquide. Sodium metabisulfite (SMB) (synthesis grade, from Panreac, Spain) was used as initiator. Disodium salt of EDTA (from Quimidroga S.A., Spain) was added in order to complex any metal cation that could inhibit polymerization. All chemicals were used as received from suppliers without further purification.
Copolymerization procedure
Inverse microemulsion formulation for copolymerization was selected according rules given in [21] and consisted of 65% (w/w) of an aqueous phase comprised by AM (30% (w/w)), Q9 (20% (w/w)), Na 2 EDTA (0.1% (w/w) and water (49.9% (w/w)); 9-11% (w/w) of surfactant blend (SB) at a specific HLB; and 26-24% (w/w) of Rolling M-245 as oil phase. Total comonomer concentration was 32.5% (w/w). pH of aqueous phase was adjusted to 4.0 with 10% (w/w) aqueous nitric acid.
HLB of SB was calculated from the following equation: HLB = HLB S1 .w S1 + HLB S2 .w S2 (1) where w is the surfactant weight fraction based on total amount of SB and subscripts S1 and S2 refer to surfactant 1 and 2, respectively. HLBs for single surfactants were the ones given by the surfactant suppliers and can be easily derived according Griffin´s rules. A comprehensive review about HLB history and determination methods can be found in reference [40] .
Reactions were carried out in a 0.5 L, five necks, jacketed reactor fitted with a thermometer and a mechanical stirrer (Heidolph RZR 2021 at 300 rpm). Semicontinuous free radical copolymerizations were carried out by continuously adding an aqueous SMB solution to the above inverse microemulsion of comonomers which was previously thermostated at the desired initial temperature and purged with nitrogen for 15 minutes at constant flow (3 L/min at 25 ºC and 1 bar). Nitrogen purge was kept throughout the reaction time. Copolymerization is strongly exothermic and reaction was considered to be finished when temperature came back to its initial value (about 10 min after starting initiator addition). Reaction was very quick and peak temperature was reached in less than 1 min. A 15 g/L SMB aqueous solution was added at constant flow (307.7 mL/h*kg of comonomers) by means of a Methrom Dosino 700 dosing unit. Initiator aqueous solution pH was adjusted to 3.5. Initial copolymerization temperature was 30 ºC. Active matter concentrations of final lattices were 32.2% (w/w) due to dilution with SMB solution added. Inverse cationic copolymer microemulsions were considered stable if after centrifuging at 5,000 rpm for 30 min no phase separation was observed.
Mechanism of radical initiation by sodium metabisulfite alone is out of the scope of this work but it might be explained by a mechanism based on that proposed by Mukherjee et al. [41] for monomers containing a methyl group attached to the vinyl group, mechanism which was extended to monomers herein used by Escudero et al. [42] .
Acrylamide conversion was measured by HPLC according to the method described by Vers [43] . A 2 g/L copolymer microemulsion solution in water was inverted by stirring for 15 min to allow both copolymer and unreacted monomers to dissolve. Then, the solution was vigorously stirred using a high speed mixer at 8,000 rpm for 1 min. Afterwards, solution was kept intact for 10 minutes to allow bubbles occluded to be removed. Then, the final solution was prepared by diluting 5 g of solution up to 100 mL using demineralised water. 100 μL of the sample were filtered through a 25 μm pore filter and injected into a Water E600 HPLC chromatograph fitted with two columns in series (Novapack C18 followed by a Fast Fruit Juice column (both from Waters Corp., USA) placed inside an oven at 55 °C) and a UV Waters E600 detector set at 200.4 nm. The mobile phase (ultrapure water adjusted at pH 3.5 with H 2 SO 4 ) flow rate was 0.5 mL/min. Running time was 30 min.
In the present article, we will consider acrylamide conversion as a global one. As reactivity ratios for AM and cationic monomer are respectively r 1 = 0.61 and r 2 = 0.47 [19] , comonomer blend will become richer in AM as conversion increases. Then, conversion values here given are slightly lower than the total real ones.
Copolymer characterization
Copolymer bulk viscosities (BV), standard viscosities (SV), average molar masses (M w ), radii of gyration (R g ) was determined as described in reference [22] . The BV/SV ratio is an index of the structuring degree of the copolymer [39] and in this paper it will be referred to as viscometric structuring index (VSI). The higher the VSI the higher the copolymer structuring degree is as the authors also shown by crosslinking the copolymers here studied with N,N´-methylenbisacrylamide [22] .
Average size of latex particles was measured by TEM. Samples were frozen using liquid propane (-188 ºC) in a LEICA EM CPC equipment and stored in liquid nitrogen (-196 ºC) up to processing by cryofracture. Sandwiches produced were cryofractured using BalTec Baf 060 equipment. Prepared samples were observed using a Jeol 1010 transmission electron microscope with a CCD SIS Megaview III camera. TEM micrographs were taken in high vacuum (10 -8 mbar) at -150 ºC.
Flocculation tests
Flocculating performance of cationic copolymers was analyzed by measuring the capillary suction time (CST) as it was described in reference [22] .
Sludge used in flocculation tests was an anaerobic digested sludge obtained from Vitoria Municipal Water Treatment (Spain). Sludge pH was 7.4 and solid concentration 3.21% (w/w).
